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Abstract
In this research a series of Hf-Si-N composite films with different Si contents are prepared by magnetron sputtering on titanium
alloy surface. The element valences of the films are studied by using of X-ray photoelectron spectroscopy (XPS). The
tribological property, nano-mechanical performance, biocompatibility of the films is examined through ball-on-disk tester, nano-
mechanical test system and platelet adhesion experiment, respectively, and the effect of Si contents on the performance is
investigated. The results show that the Hf-Si-N film has good wear resistance, nano-mechanical properties and biocompatibility.
The film is mainly composed of HfN and Si3N4. Its nano-hardness first increases then decreases along with the addition of Si and
the film achieves the maximum hardness and the minimum friction coefficient when the content of Si is 6.99 at. %.
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the Chinese Heat Treatment Society.
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1. Introduction
Titanium alloy has been widely used as biomedical implant material for its unique resistance to corrosion and
excellent biocompatibility, but its low harness and bad wear resistance prevent it from further application (Leyens C.
et al., 1998, Beck. and Danovich, 1969, Tu, 2000, Yang et al., 2010). Its biocompatibility and surface physical-
chemical performance are closely related, so it is an effective way to change its performance by preparing films with
good mechanical performance, wear resistance and biocompatibility on its surface (Rajwant et al., 2009, Bruni et al.,
2005, Cui et al., 2008, Zhou et al., 2008). TiN film has been widely applied in the surface modification of biological
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application material for its high hardness, good tribological performance, good chemical inertness and
biocompatibility (Braic et al., 2005, Liu et al., 2011). Hf and Ti belong to the same element group and they both
have good biocompatibility. HfN film and TiN film share the same crystal structure—NaCl and possess similar
mechanical performance. In addition, literature research shows that the addition of Si has great influence on the
structure and performance of TiN film (Kim and Yong, 2007, Gougousi et al., 2006, Ando et al., 1999). Therefore, it
is of great significance to prepare HfN film with Si addition and study the effect of Si on the structure and
performance of the film (Zhou et al., 2007, Veprek et al., 2005, Ding et al., 2004, Veprek and Reiprich, 1995).
This paper tends to explore the effect of Si content on the structure and performance of Hf-Si-N films. The films
with different Si contents are prepared by magnetron sputtering and the effect of Si contents on the structure,
mechanical performance, tribological performance and biocompatibility is studied.
2. Experimental methods
The substrate materials used in current study are titanium alloys (TC4). The sample is with the sizes of 10
mm×10 mm×5 mm and were burnished with silicon carbide sand paper and polished with diamond abrasive, then
dried. The Hf-Si-N films are deposited by magnetron sputtering (JGP-450). Different numbers of Si wafers are stick
to Hf target to achieve the films with different Si contents.
The element valence of Si and Hf in the film is analysed by X-ray photoelectron spectroscopy (XPS). The
tribological performance of films is tested by the ball-on-disc tester. The friction pair is a Si3N4 grinding ball (M4.7
mm) and the friction way is dry friction. The test parameters are as follows: loading 100 g, revolving speed 120
r/min, revolving time 1 h, revolving radius 3.4 mm. Then scanning electron microscope (SEM) is used to observe
the worn surface.
The nano-mechanical properties of films are tested with the nano-mechanical testing system of Hysitron. The
biocompatibility of films is tested by platelet adhesion experiment.
3. Results and discussions
3.1. The chemical element state of Hf-Si-N films
Fig. 1 shows the composition of the films with different Si contents after XPS analysis. The results indicate that
when the power of the composite target unchanged, the content of Hf has a tendency of decrease, while the content
of Si in the films increases with the addition of Si wafers to the Hf-Si composite target.
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Fig. 1 The analysis of Si contents in Hf-Si-N films sputtered by different Si wafers
In order to ensure the chemical element state of Si element in Hf-Si-N films, the sample is analyzed by XPS and
the results are shown in Fig. 2. As is shown in Fig. 2(a), the electron energy E ionized by Si atoms in the film is
101.06 eV, approximately equaling to the energy (101.90 eV) ionized by the 2p track electrons of the Si atoms in
Si3N4 in the database. In Fig. 2(b), N1s spectrum shows the peak binding energy is 401.46 eV, corresponding to the
Si-N in Si3N4 (398.05 eV). In Fig. 2(c), Hf4f spectrum has two peaks, and the binding energies are 17.6 eV and 15.9
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eV, corresponding respectively to HfO2 and HfN. The XPS data indicate that the films are mainly composed of HfN,
HfO2 and Si3N4.
Fig. 2 The XPS narrow scanning of the major elements in Hf-Si-N films (a) Si, (b) N, (c) Hf
3.2. The tribological properties of Hf-Si-N films
Fig. 3 shows the friction coefficients of Hf-Si-N films with different Si contents at 25 with time. It can be seen
that the initial friction coefficient of substrate material increases with time and becomes stable after 2000 s with the
average coefficient of 0.757. The initial friction coefficient of Hf-Si-N films with different Si contents is also on an
increase, but their coefficients are all smaller than the substrate material. When they become stable, their average
coefficients are 0.625, 0.568, 0.447, 0.353 and 0.332, respectively. The film with lower Si content has higher
coefficient, which first increases, then decreases, eventually increases along with the addition of Si.
Fig. 4 shows the worn surface morphology of the substrate material and the films. As it indicates a large amounts
of abrasive cracks exist along with the friction direction on the substrate material surface (Fig. 4(a)), which means in
the wearing course, micro furrows function obviously. The trace of the abrasive dust corresponds with the moving
and adhering Si3N4 grinding ball, which means during the course, the surface material of Si3N4 grinding ball has
moved and adhered to the worn surface of the films. The surface of the film without Si is covered with the abrasive
cracks, which is severely adhered and abraded (Fig. 4(b)); while there are some tiny grooves on the surfaces of the
films with different Si contents and some banding falling off (Fig. 4(c-f)). This means during the wearing and
abrading course, micro cutting and fatigue wear both exist. By the action of load and friction, a small amount of Hf-
Si-N hard grains are separated from the film surface and embedded into the surface of the Si3N4 grinding ball, which
is less hard. These grains also have micro cutting effect on the Hf-Si-N films in return, which leads to the abrasions
or banding falling off of the films.
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Fig. 3 The friction coefficients of Hf-Si-N films with different Si contents with time
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Fig. 4 The worn surface topography of titanium alloy and Hf-Si-N films (a) titanium alloy, (b) 0Si, (c) 2Si, (d) 4Si, (e) 6Si, (f) 8Si
3.3. The nano-mechanical performance of Hf-Si-N films
Fig. 5 shows the nanohardness of the Hf-Si-N films prepared for different composite targets. With the increase of
Si content, the nanohardness of films first increases, then decreases; when the composite target is Hf+4Si, the
hardness reaches the highest 9.47 GPa. With low Si content, the hardness of films is obviously improved, which is
probably due to the fact that the growth of HfN grains is prevented by Si3N4, so the newly sputtering produced HfN
crystallizes again and the grains are refined. Then the films gradually form the microstructure, in which HfN phase
is wrapped up within Si3N4 phase. When the composite target is Hf+4Si, the HfN grains are so small that the
dislocation cannot be produced or developed within the grains, and the hardness of the films reaches the maximum.
With the further increase of Si content, the content of Si3N4 phase and the thickness both increase, which leads to the
production or development of some defects such as dislocation, thus lowering the hardness of the films.
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Fig. 5 Nanohardness of Hf-Si-N films deposited with different targets
3.4. The biocompatibility of Hf-Si-N films
One major method to evaluate the compatibility of biological materials is to test the adhesion of materials to
platelets. Material surface with good biocompatibility should adhere to platelets as little as possible and no activate
platelets. Fig. 6 shows the results of platelets adhesion, which indicates that many platelets adhere to the titanium
alloy substrate, while only a few platelets appear on the Hf-Si-N film, less than on the substrate. From the amount of
the platelets, it can be seen that the biocompatibility of the Hf-Si-N film has been improved compared with the
substrate. The morphology of the platelets in adhesion form can be clearly seen at high magnification. On the
substrate most of the platelets have been activated, and appeared branch shape pseudopodia. Some pseudopodia turn
thick and begin to spread, while those on the Hf-Si-N film remain normal and round, no obvious branch
pseudopodium and agglomeration. The active state of the platelets shows that the biocompatibility of the Hf-Si-N
film is better than that of the substrate.
a b
Fig. 6 The platelet adhesion results of (a) titanium alloy, (b) Hf-Si-N films
4. Conclusion
(1) The Hf-Si-N films prepared by magnetron sputtering have good biocompatibility.
(2) In the films, Si mainly exists in the form of Si3N4 and the Si content has apparent influence on the tribological
and mechanical performance of the films.
(3) The coefficient of the film first decreases and then increases along with the addition of Si.
(4) The nano-mechanical performance test shows that with the addition of Si, the nanohardness of the Hf-Si-N
films first increases, then decreases; when Si content is 6.99 at. %, the hardness reaches the highest 9.47 GPa.
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